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ABSTRACT

l’hc Cassini  spacecraft has been designed so that it
may point in virtually any direction provided that
certain attitude constraints (to protect sensitive
instruments and sensors from exposure to bright
bodies such as the Sun) are not violated. } Iowever,
during the seven year trip to Saturn and the four
year tour of the Saturnian system, the Cassini
spacecraft will be exposed to varying mission
geometries including I.OW I;arth Orbit (1 .1;0),
planetary flybys, deep space, Saturn orbit, and
‘1’itan flybys. Such widely varying conditions and
constraints present a formidable challenge to
engineers responsible for safely pointing the
spacecraft and for achieving science objectives. A
behavioral pointing model was implemented in the
Cassini  flight software to facilitate pointing
commands and an onboard Constraint Monitor
helps prevent dangerous spacecraft pointing.
Nevertheless, ground operators are still ultimately
responsible for achieving science objectives and
for ensuring spacecraft safety. “1’o this end,
Dview, a general-purpose 3-dinlensional  modeling
and animation system developed at the Jet
Propulsion I.aboratory, was modified to assist
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attitude control engineers in creating constraint-
frcc pointing command sequences and analyzing
telemetered attitude data. “1’hus far Dview’s
primary use at .111. has been visualization of
articulated spacecraft and their interplanetary
trajectories. Recent enhancements to Ilview  have
enabled visualization of the spacecraft-centered
celestial sphere and projection of instrument
fields-of-view, extended bodies, and constraint
regions onto the celestial sphere.

lNTRO])tJcTION

‘1’he Cassini Mission includes a seven year cruise
phase to Saturn and four year tour of the
Saturnian system. The Cassini  spacecraft, which
comprises the orbiter and I luygens Probe, will
launch in October 1997 and will receive gravity
assists from Venus (twice), I iarth, and Jupiter
during its long journey to Saturn, where it will
arrive in June 2004. While in orbit around Saturn,
the spacecraft will release the I luygens Probe into
the atmosphere of 3 ‘i tan and wi 11 perform
numerous scientific observations of Saturn, Titan,
the rings, and Saturn’s many satellites.
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Figure 1: The Cassini Spacecraft

Pointing Cassini

Pointing the Cassini spacecraft has been simplified
through a behavioral model which allows
operators to specify a target at which a body-fixed
vector should point [1]. 3’his pair of vcctors—
known as the primary target and primary body
vector—specifics two components of the attitude.
The third cornponcl~t---the  angle about the
primary pair–-is specified by a pair of vectors
known as the secondary target and secondary
body vector. Given a primary and secondary pair
of vectors, the flight software will point the
primary body vector directly at the primary target
and will minimize the angle between the secondary

body vector and the secondary target, provided
that neither the target vectors nor the body
vectors are (nearly) collinear. For example, an
operator could specify that the high gain antenna
(IIGA)  should point directly at the Sun and that
low gain antenna 2 (I ,GA2) should point as close
as possible to the Earth. l’hc spacecraft, given
coefficients which specify the vectors from the
sLm to the earth and from the sun to the spacecraft
over time, would then compute the associated
attitude which achieves the commanded
objectives.

l’hc behavioral pointing model relieves spacecraft
operators from the drudgery of computing the
spacecraft attitude on the ground and uplinking  it
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Figure 2: CUassini Solar Distance
(October 6,1997 launch)

to the spacecraft as a quaternion  or some
attitude parametrization. l~urthermorc,

other
target

motion compensation is implicitly handled
because targets are represented by time-dependent
vectors and the spacecraft attitude is recomputed
at regular intervals.

Another part of the Cassini  flight software—the
Constraint Monitor-was designed to protect the
spacecraft from pointing problems or mistakes
which could endanger it or jeopardize the mission.
The Constraint Monitor contains a set of rules
such as “keep the stellar reference unit (SRIJ)
boresight  at least 30° from the Sun.” If the
Constraint Monitor anticipates or detects a
violation of any of its active rules, it attempts to
prevent or correct the problem. A more detailed
description of the Cassini Constraint Monitor can
be found in [1]. Following are two examples of
constraints levied on Cassini.

Constraint I{xamplc:  Thernlal/Sun  Pointing

As shown in fig. 2, the Cassini  trajectory to
Saturn brings the spacecraft within 0.68 AIJ of the
Sun at its closest approach
Saturn. This wide range in

and as far as 9 AU at
solar distances results

in a greatly varying thermal environment; the
spacecraft is hot in the early part of the mission
and cold during the tour. ‘l’he thermal problem has,
in part, been alleviated by shade from the large
high-gain antenna (1 IGA) which will bc pointed
toward the Sun during the early part of the
mission. Off-sun pointing, which is necessary
during trajectory correction maneuvers, sensor and
instrument calibrations, and high-data-rate
co~~~tl~~lt~icatio~ls  is limited by a thermal constraint
~,hich d ic ta tes  total al]o}vab]e off-sL1ll tirllc as a

function of solar distance.

Constraint I{xamplc:  I;xtcncled Bodies in the
Stellar Reference LJnit I~ield-of-View

Star data collected from the Stellar Reference Unit
(SRLJ), a CCI) camera, is used for attitude
determination. An extended body (i.e., a body
whose angular radius as seen from Cassini  is
greater than 0.25°) may obstruct all or part of the
CCI1 field-of-view, reducing- -or possibly
e] iminat ing-–star updates to the onboard attitude
estimator. “l%crefore,  all Cx[emk]d  bodie.v  FHILVt be

kept at led 300 j%m Ihe ,W’[J bowsighf. T h i s
particular constraint is simple to accommodate in
deep space where the angular radius of each planet
is small; however, it may bc difficult to
accommodate during planetary flybys and the
tour.

Tm SPACECRLWT-CENTERED
CELESTIAL SPHERE

‘1’hc spacecraft-centered celestial sphere is a
powerful tool for visualizing spacecraft attitude
[2, 3]. “l’his  directions-only geometry places the
spacecraft at the center of a sphere and projects
the world as seen from the spacecraft onto the
sphere, removing distance from the problem. In
this approach, spacecraft body vectors are
represented as points on the unit sphere, cones
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(angles about a spacecraft body vector) are
represented as small circles, and lines are proj cctcd
onto the sphere as great circle arcs. Celestial
obj ccts such as stars (represented as points) and
planets (represented as small circles with radius
equal to the angular radius of the planet) can also
be projected onto the sphere. “1’he  spacccraft-
centered celestial sphere can be fixed to either the
spacecraft body or an “inertial” coordinate system
such as J2000 or Earth-Centered ]nertial  (or any
other coordinate system, for that matter).

Figure 3: Spacecraft-Ccntcrcd Cklcstial
Sphere Example

Figure 3 provides a simplified example of the
spacecraft-centered celestial sphere for Cassini.  In
this example, the field of view of the Sun Sensor
Assembly (SSA) is represented by the “warpcd”
square surrounding the spacecraft -Z axis (-Z,C),
towards the top of the sphere. The Stellar
Reference lJnit (SRU) is represented by the small
square along the spacecraft +X axis (+-X~C). Venus
is represented by the small circle with angular
radius 19°, and the Sun can be seen in the SSA
field of view. We have also included the axes of a

representative inertial coordinate system (+Xi,
+ Yi, and +Zi).

l’his simplified example does not include many
desirable features such as stars and constraint
regions, but it serves to illustrate the utility of the
celestial sphere. E’or example, it is readily
apparent that the scenario depicted in fig. 3 does
not violate the extended body constraint described
earlier because no extended bodies intersect the
SRU field of view (FOV). I ]owevcr, it is also
clear that the angle between the Sun and the
spacecraft -7,SC axis (also the 1 lGA boresight)  is
about 30°, which would violate the thermal
constraint.

I)VIEW

I)view is a trajectory visualization tool developed
at the Jet P r o p u l s i o n  1,aboratory. Dvicw is
written in C, C+ +, and X/Motif, and supports
Opcn(iI.  or Mesa. It runs on Silicon Graphics,
} lcwlctt-Packard, Sun/Solaris, and I ,inux
platforms. lnteresting,ly, it evolved from a
doctoral dissertation on rider control of equine
locomotion [4]. Nonetheless, at JJ’I, it’s been used
exclusively for spacecraft visualization. In
conjunction with DARI’S, a real-time dynamics
simulator which was also the recipient of NASA’s
Software of the Year Award in 1997, Dview can
be used to dynamically (see http: / /

dshel 1. jpl .nasa . gov). Dview is also used
by the Mars Global Surveyor project to show, in
real-time, the current spacecraft attitude and solar
panel orientation (see http: //
marsweb. jpl .nasa. gov).

Dview provides a graphical user interface to create
articulated spacecraft models as well as an
animation language for commanding those models
in real time and accessing relevant ephemeris
information.
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Figure 4: The Dview Graphical lJscr lntcrfacc
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A screen shot of Dview is provided in fig. 4,
showing controls for spacecraft model
construction, animation control, and lighting,
among others, as well as two views of the same
scenario.

Full-color, 3-din~cnsional models can bc
interactively constructed from a rich set of
primitives. Typically, spacecraft models created
with Dview are constructed using a few hundred
primitives. ‘1’hc objective is to construct models
that appear realistic and represent the main
components and moving parts on the spacecraft.
Details which would ordinarily bc included in a
full CAD model are not of concern whereas
articulated solar panels, cameras, instruments,
probes, mirrors, reaction wheels and primary
components usually arc included in I)vicw
models. Figure 5 shows a close-up of Cassini  just
after probe release; the major structural and
hardware components of Cassini  are clearly
included, but extreme detail has been intcnticmally
excluded.

Figure 5: Dview-Generated image of }Iuygcns
Probe Release

l)view stores models internally in a kinematic tree
which simplifies the definition of articulated parts.
l~or example, specification of a pin, or arbitrary
rotation axis, is used to define an articulated
component such as a solar panel. The pin
provides the axis about which the part (and
children) rotates. Oricntation  of the part about its
pin axis such (e.g., the deployment of a solar
panel) is easily updated in real-time via a rotation
command, which specifies the desired angle of
rotation about the pin.

I)view’s real-time animation language provides the
commands which are used to control the position
and attitude of the objects in the scene as well as
the current rotation angle for any hinged parts.
All of the commands are simple text strings
consisting of a keyword
example, the following
spacecraft attitude, move a
two thrusters:

and arguments. For
commands set the

reaction wheel, and fire

# Set the spacecraft at_titude quaternion
Q basebody O 0 0 1
# Rotate react ic>n wheel by 30 cieqrees
M React iorlWheel  3 0 . 0
i l’urn 2 thrusters on simultaneously
C)N thrust l/ON thrust2

“l’he Dview language has grown to several hundred
commands which allow the user to bui Id
trajectories, turn objects on and off, set data scale
factors, track, attach or lookout from parts, and
maintain pointing orientation, among other
features (a book on Dview is in development).
Commands can be sent to Dvicw using lJNIX
sockets, NDDS, JPL’s Tramel, or they can 1
stored in a file which is read in and played back
the desired fratnc rate.

The TCI, command language can be utilized
e m b e d  Dview commands into prograt-nmir

e
lt

o

~
constructs such as loops and mathematical
expressions. Additionally, animations can be
stored to file for creating Quicktime  and M ~~~J
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Figure 6: Cassini  Trajectory Disp]ayed  in Dview

movies. In progress work includes converting the
user interface from X/Motif to lava and allowing
the export of Dview model files to VRM1,.

Multiple Views

Figure 6 shows the interplanetary cruise path of
Cassini; here  Cassini i s  i n  a  s u n - p o i n t e d
orientation prior to the Jupiter flyby. In this
figure we have included the trajectory of the
spacecraft as well as the trajectories of Jupiter and
Saturn. ]n addition, a grid representing the ecliptic
plane provides a three-dimensional quality to the
image. l’hc size of the figures representing the
sun, the planets, and the spacecraft are
exaggerated for illustrative purposes. This type of
figure is particularly useful for illustrating
trajectories, but users often find it difficult to
accurately visualize the spacecraft attitude. onc
of Dview’s strengths is its capability to change the
location of the observer as well as how trajectories
and the “world” are viewed. I)view allows users
to quickly switch to the spacecraft-centered
celestial sphere, which, as described earlier, is a
powerful tool for attitude visualization.

I:igurc 7 shows the Cassini-centered celestial
sphere during the Venus flyby in April 1998.
“1’his  image shows the fields of view of the sun
sensor assembly (SSA) and stellar reference unit
(SRU), constraint regions, all stars down to visual
magnitude four, and the clirections to the center of
the planets and the Sun (represented by the small
texture-mapped images). The disk of Venus is
represent by the small circle centered at Venus (on
the left side of the sphere); Dview automatically
computes the angular radius of the small circle
based on the distance from the spacecraft to the
planet. In this example the SRIJ, represented by
the small square and inscribed circle near the
center of the image, and the SSA, represented by
the large square on the right, appear to have
unobstructed views of the sky, as required.
} Iowever, fig. 7 also shows that the field of view
of the SRIJ is threatened by Venus as the angular
radius of Venus grows.

Conclusion

I)view, a powerful trajectory visualization tool
developed at the Jet Propulsion 1,aboratory,  has
been modified to allow users to view the
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Figure 7: Spacecraft-{:cntcrcd Celestial Spbcrc lmagc of Cassini Generated by Dvicw.

spacecraft-centered celestial sphere and to project
on to the sphere information such as constraint
regions, fields of view, planets, and stars. IIview
will be used by attitude control engineers on the
Cassini  project to design command sequences ant!
to resolve anomalies.

Additional Information

Additional information about I)view can be found
athttp://dview. jpl .nasa. gov.
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